nature neurOSCIenCe a r t I C l e S Dendritic spines are specialized compartments that form the postsynaptic sites for excitatory neurotransmission. There are at least two anatomical and functional subdomains in the spine, the extrasynaptic membrane and the PSD, both of which contain AMPARs and NMDARs 1,2 . Proper and dynamic partitioning of AMPARs and NMDARs between the synaptic and extrasynaptic membranes is essential for normal neurotransmission [3] [4] [5] , and at many synapses, such as the Schaffer collateral to CA1 synapses in the hippocampus, changes in the number and subunit composition of AMPARs and NMDARs in the PSD contribute to the expression of synaptic plasticity [6] [7] [8] [9] .
a r t I C l e S Dendritic spines are specialized compartments that form the postsynaptic sites for excitatory neurotransmission. There are at least two anatomical and functional subdomains in the spine, the extrasynaptic membrane and the PSD, both of which contain AMPARs and NMDARs 1, 2 . Proper and dynamic partitioning of AMPARs and NMDARs between the synaptic and extrasynaptic membranes is essential for normal neurotransmission [3] [4] [5] , and at many synapses, such as the Schaffer collateral to CA1 synapses in the hippocampus, changes in the number and subunit composition of AMPARs and NMDARs in the PSD contribute to the expression of synaptic plasticity [6] [7] [8] [9] .
SK channels are activated solely by intracellular Ca 2+ ions and are selectively blocked by apamin 10 . SK2-containing channels are expressed in the PSD of dendritic spines on CA1 pyramidal neurons 11 . Spine SK2-containing channels are activated by synaptically driven Ca 2+ influx and provide a repolarization that reduces the excitatory postsynaptic potential (EPSP), favoring Mg 2+ re-block of NMDARs and reducing the spine Ca 2+ transient that is crucial to the induction of synaptic plasticity [11] [12] [13] . Indeed, field potential recordings in area CA1 have shown that blocking SK channels facilitates the induction of synaptic plasticity, and administration of apamin to mice facilitates hippocampus-dependent memory encoding 14 . Moreover, transgenic overexpression of SK2 impairs the induction of synaptic plasticity and severely impairs hippocampusdependent memory encoding 15, 16 . Similarly, administration of the
SK channel agonist N-cyclohexyl-N-2-(3,5-dimethyl-pyrazol-1-yl)-
6-methyl-4-pyrimidinamine (CyPPA) impairs the encoding of hippocampus-dependent object memory 17 . In addition, protein kinase A-dependent endocytosis of synaptic SK2 contributes to the expression of long-term potentiation (LTP) 11, 18 . Thus, the expression of SK2-containing channels in the PSD is important for synaptic signaling, plasticity and learning.
The Sk2 gene directs expression of two isoforms that differ only in the length of the intracellular N-terminal domain, with SK2-L having an extra 207 amino acids at the N terminus. The two isoforms are expressed in many of the same brain regions, including hippocampus. SK2-L and SK2-S co-immunoprecipitate from brain and when coexpressed heterologously, suggesting that they co-assemble into heteromeric channels 19 . When expressed separately, SK2-S and SK2-L form functional homomeric SK channels with similar Ca 2+ sensitivities. Notably, homomeric SK2-S channels and homomeric SK2-L channels yield whole-cell currents of similar amplitudes, but SK2-L currents in excised patches are much smaller than SK2-S currents. The inconsistency between whole-cell and patch-current amplitudes for SK2-L reflects the markedly punctate surface expression of SK2-L compared with the more uniform expression of SK2-S 19 . These results suggest that SK2-L may be involved in the subcellular localization of native SK2-containing channels. To investigate the roles of SK2-L in CA1 pyramidal neurons, we engineered mice that selectively lack the SK2-L isoform. a r t I C l e S RESULTS SK2 expression in the PSD of CA1 neurons requires SK2-L SK2-L is expressed in the dendrites in the stratum radiatum 19 . To determine the subcellular distribution of SK2-L, we carried out immunogold electron microscopy (iEM) on hippocampal sections with an antibody directed against an epitope in the unique intracellular N-terminal domain (Supplementary Fig. 1 ). We used pre-embedding immunogold labeling to examine the extrasynaptic localization of SK2-L and found that SK2-L was expressed in the plasma membrane of dendritic shafts and spines (Fig. 1a) . Post-embedding immunogold labeling, to detect synaptic expression, revealed that SK2-L was expressed in the PSD (Fig. 1b) . From 50 spines with a total of 133 gold particles, 29% (38) were in the extrasynaptic spine membrane and 71% (95) were in the PSD. This result was verified using double immunogold labeling SDS-digested freeze-fracture replica (SDS-FRL) iEM for SK2-L, together with PSD-95 to delineate the synaptic membrane. SDS-FRL visualizes the two-dimensional distribution of membrane proteins with resolution and sensitivity beyond thin-section electron microscopy. The SK2-L antibody is directed against an intracellular epitope and SK2-L was detected at the protoplasmic face of the spine plasma membrane, consistent with the results of pre-and post-embedding experiments. Double immunolabeling for SK2-L and PSD-95 revealed co-clustering of the immunoparticles in spines, indicating that SK2-L was expressed in the membrane at the PSD (Fig. 1c) .
To investigate the physiological roles of the SK2-L isoform, we generated transgenic mice that selectively lack SK2-L expression. We have previously reported two different SK2 transgenic alleles. One is a cre-loxP conditional allele (Fig. 2a) that was used to make Sk2 −/− mice 20 . The other allele contains a tetracycline-regulated gene switch 21 that was inserted in a position 5′ to the translational initiator codon for SK2-S, but in the extended N-terminal coding sequence for SK2-L (T allele; Fig. 2b ) 15 . To obtain mice selectively lacking SK2-L expression, we crossed Sk2 +/T and Sk2 −/+ mice and identified Sk2 −/T (SK2-S only) mice. In SK2-S only mice, the SK2 isoforms are not expressed from the null allele, SK2-L is not expressed from the T allele and SK2-S is overexpressed from the T allele 15 . Western blot analysis of brain proteins confirmed that SK2-S only mice lacked expression of SK2-L, whereas expression of SK2-S was increased fourfold ( Fig. 2c and Supplementary Fig. 2) .
To determine the distribution of SK2 in spines in the presence and absence of SK2-L, we carried out post-embedding iEM with a pan-SK2 antibody directed to the intracellular C-terminal domain 11 . In wild-type spines, SK2 was expressed in the extrasynaptic and synaptic membranes. From 71 spines with a total of 278 gold particles, 47% (130) were extrasynaptic and 53% (140) were at the PSD (Fig. 3a) . In contrast, in SK2-S only mice, SK2-S was expressed in the extrasynaptic plasma membrane of dendritic spines, but was virtually absent from the PSD. From 82 spines with a total of 167 gold particles for SK2-S, 98% (164) were in the extrasynaptic spine membrane, whereas only 2% (3) of the gold particles were present at the PSD (Fig. 3b) .
These results were confirmed and extended using SDS-FRL iEM. In contrast with the intermingled gold particles for PSD-95 and SK2-L (Fig. 1c) or PSD-95 and pan-SK2-S (Fig. 3c) in wild-type spines, replicas from SK2-S only mice that were double-labeled for PSD-95 and for SK2 showed a segregation of the two populations of immunoparticles (Fig. 3d) . The SDS-FRL results were quantified by measuring the distance from each SK2 gold particle to the nearest PSD-95 gold particle (Fig. 3e) . Thus, in the absence of SK2-L expression, SK2-Scontaining channels were excluded from the PSD. To first determine whether SK2-Scontaining channels are functionally expressed in the absence of SK2-L, we used somatic step depolarizations in whole-cell voltage clamp that activate an apamin-sensitive SK current in wild-type CA1 pyramidal neurons 14, 20, 22 . Following a depolarizing step to 20 mV to elicit an unclamped Ca 2+ current, repolarizing the membrane to -55 mV evoked tail currents that were partially reduced by apamin (100 nM). Subtracting the traces recorded before and after apamin application yielded an apamin-sensitive current, I SK (Fig. 4a) . The apamin-sensitive tail current measured 100 ms after repolarization in SK2-S only mice (357 ± 127 pA, n = 7) was larger than the apamin-sensitive current recorded from wild-type littermates (95 ± 15 pA, n = 21, P < 0.05), reflecting SK2-S overexpression from the T allele in SK2-S only mice.
To determine whether expression of SK2-L contributes further to the SK tail current, SK2-L was re-expressed in area CA1 of SK2-S only mice by transcranial delivery of a recombinant adeno-associated virus (rAAV) directing separate expression of SK2-L and GFP (Fig. 4b) . Apamin-sensitive tail currents were recorded from SK2-S only nonfluorescent cells or fluorescent cells as well as CA1 pyramidal neurons from wild-type littermates. The apamin-sensitive current was larger for SK2-S only injected cells, fluorescent or nonfluorescent, than for wild type (P < 0.05), reflecting SK2-S overexpression. However, the apamin-sensitive tail currents were not different than those from SK2-S only non-injected cells and were not different between SK2-S only fluorescent and nonfluorescent cells (nonfluorescent, 293 ± 106 pA, n = 10; fluorescent, 300 ± 68 pA, n = 11; Fig. 4c ). Thus, re-expression of SK2-L in SK2-S only mice did not increase SK channel tail current amplitudes. These data are consistent with the previous finding that SK2 expression is necessary for the apamin-sensitive tail current in CA1 pyramidal neurons 20 and indicate that SK2-Scontaining channels were sufficient for its expression.
To determine whether SK2 synaptic function is lost in the absence of SK2-L expression, we recorded synaptically evoked EPSPs from CA1 pyramidal neurons, before and after apamin application in brain slices prepared from rAAV-injected SK2-S only mice or wild-type littermates. EPSPs were evoked every 30 s by stimulation of Schaffer collateral axons. Following 10 min of stable baseline recordings, apamin (100 nM) was added and the EPSP amplitude was measured 18-20 min later. Apamin increased EPSPs in CA1 pyramidal neurons from wild-type mice by 58 ± 12% (n = 8), as previously reported 12 . 50 pA 100 ms a r t I C l e S In contrast, apamin did not affect EPSPs recorded from SK2-S only nonfluorescent CA1 pyramidal neurons (5 ± 6%, n = 10; Fig. 5a,b) . However, apamin increased EPSPs from SK2-S only fluorescent CA1 pyramidal neurons to the same extent as in wild-type CA1 pyramidal neurons (44 ± 14%, n = 10; Fig. 5a,b) . These results indicate that SK2-L is necessary for SK channel synaptic function in CA1 pyramidal neurons.
SK channel activity does not affect LTP in SK2-S only mice Apamin application to brain slices from wild-type mice facilitates the induction of synaptic plasticity in area CA1 in response to conditioning stimulations of the Schaffer collateral axons 14 . To determine whether apamin altered LTP in the absence of synaptic SK2-containing channels, theta-burst stimulation (TBS) was delivered to the Schaffer collateral axons with or without apamin application (100 nM) in hippocampal slices prepared from wild-type and SK2-S only mice.
For wild-type slices in control bath solution, TBS induced LTP, increasing the slope of the field EPSP (fEPSP) by 34 ± 4% (n = 12, P < 0.05). For wild-type slices in apamin, TBS-induced LTP was enhanced, increasing the fEPSP slope by 59 ± 4% (n = 7, P < 0.05; Fig. 6a) . In SK2-S only slices, TBS also induced LTP to the same extent as in wild-type slices, increasing the fEPSP by 40 ± 3% (n = 8), but this was not different than the LTP induced in the presence of apamin (47 ± 3%, n = 7; Fig. 6b,c) . Thus, the effects of apamin on LTP seen in wild-type mice are absent in SK2-S only mice.
Altered memory encoding in SK2-S only mice
Systemic apamin administration facilitates the encoding of object memory 14 . To test whether this is a consequence of blocking synaptic SK2-containing channels, we examined novel object recognition memory in a naive cohort of SK2-S only and wild-type littermate mice. The mice (n = 13 mice per group) were habituated to a novel high-walled arena for 10 min d −1 during day 1 and 2. Locomotor responding declined over the course of habituation in both groups. However, the SK2-S only mice exhibited higher levels of locomotor behavior. There was an effect of genotype on distance measures (P < 0.001) and a significant genotype × minutes interaction (P < 0.009; Supplementary Fig. 3 ). On day 3, each mouse was returned to the arena, which contained two identical novel objects (the sample session). Mice were removed from the arena after achieving 19 s of sample object exploration 14 . Wild-type and SK2-S only mice exhibited equivalent latencies to reach criterion, indicating no difference in the motivation to explore objects during the sample session ( Supplementary Fig. 4 ). For the test session (day 4), each mouse was returned to the arena, which contained one familiar object and one novel object. The SK2-S only mice exhibited a significantly greater preference for exploring the novel object during the test session than the wild-type mice (P < 0.005; Supplementary Fig. 4 ). These data indicate that the absence of synaptic SK2-containing channels was associated with a robust enhancement of nonspatial memory. This is similar to the effects of systemic apamin administration in wild-type mice 14 .
The same cohorts of mice received 24 training trials (4 per day) in the hidden platform Morris water-maze task. One SK2-S only mouse died before the start of water-maze training. Over the course of training, SK2-S only mice (n = 12) exhibited poor spatial performance compared with wild-type mice (n = 13; Fig. 7a ). The slopes of the acquisition curves were similar for wild-type and SK2-S only mice, indicating that spatial learning occurred at similar rates. However, the SK2-S only mice had longer latencies to find the submerged platform; there was an effect of genotype (P < 0.002) and a genotype × trial block interaction (P < 0.005). SK2-S only mice also displayed poor retention of the platform location during 30-s platform-less probe tests imposed after the 4 th , 12 th and 20 th training trials (P < 0.003; Fig. 7b) . The paths taken during the probe test after the 20 th training trial indicate that wild-type mice (Fig. 7c) were arriving at the platform location by a direct path from the release point and provide evidence of (Fig. 7c) were more circuitous and there was little evidence of appropriate search behavior. The mean percent dwell in the training quadrant during the last probe test for the wild-type and SK2-S only groups were 34.8 ± 2.8% and 22.4 ± 3.9%, respectively (P < 0.05). The wild-type and SK2-S only mice exhibited essentially equivalent learning in the visible platform version of the water maze. There was an effect of genotype on distance measures (P < 0.001), but a nonsignificant genotype × trial block interaction, (P > 0.05; Supplementary Fig. 5 ), suggesting that genotypic differences in sensorimotor function fail to explain the difference in spatial memory in the hidden platform task. The behavior of the SK2-S only mice in the Morris water-maze task was distinct from wild-type mice. The SK2-S only mice did not develop a spatial bias in their search for the platform and would often swim over the platform or fail to remain on the platform after finding it. Thus, the impairment in this task may reflect motivational or attention deficits that influence performance in the Morris water maze. These data indicate that the absence of SK2-L was associated with an impairment of spatial learning and memory in the Morris water maze.
DISCUSSION
Our results indicate that the SK2-L isoform directs synaptic localization of SK2-containing channels that is necessary for their synaptic functions, including modulation of EPSPs and synaptic plasticity. Consistent with these synaptic roles, the SK2-L isoform was required for normal hippocampus-dependent learning. In the absence of SK2-L, SK2-S-containing channels were expressed on the extrasynaptic plasma membrane of dendritic spines, but they were selectively excluded from the PSD.
Northern blot analysis for SK2 mRNA detects a doublet of 2.2 and 2.4 kb 10 . However, these mRNA sizes are not sufficient to encode SK2-L, suggesting that SK2-S and SK2-L are translated from different mRNAs and that the SK2-L mRNA is in low steady-state abundance and may be rapidly turned over. The SK2-S mRNA cap site (data not shown) and the SK2-S promoter 23 are located in the SK2-L transcript. Mapping the 5′ untranslated sequences in the SK2-L mRNA onto the Sk2 gene revealed that the promoter responsible for expression of the SK2-L mRNA must reside ~300-kb pairs 5′ of the promoter for SK2-S mRNA 23 . Thus, it appears that the SK2-L and SK2-S mRNAs are transcribed from independent promoters (Fig. 2) . Indeed, 50-60% of human and mouse genes may use alternative promoters 24 that often result in expression of distinct protein isoforms. The SK2-L transcript is conserved between mouse and human and a cDNA from human hippocampus encoding the extended amino terminus of SK2-L has been identified (human EST DB636479.1), suggesting that the two SK2 isoforms, the molecular mechanisms that generate them, and their roles in synaptic localization and function, are conserved.
In mice lacking SK2-L, synaptic SK2-S-containing channels were absent. This could mean that, in wild-type CA1 pyramidal neurons, synaptic SK2-containing channels are homomeric assemblies of SK2-L. Using the SK2-L antibody, we found that SK2-L was expressed in the PSD of wild-type CA1 pyramidal neurons, but given that the SK2-S amino acid sequence is completely contained in SK2-L, we could not generate an SK2-S-specific antibody to independently examine SK2-S for synaptic expression. However, SK2-L and SK2-S subunits coimmunoprecipitate from brain, strongly suggesting that they form heteromeric channels 19 . In SK2 +/T mice that overexpress SK2-S in the presence of SK2-L, apamin increases EPSPs more than in wild-type mice 15 , suggesting that the excess SK2-S subunits contribute to synaptic SK2-containing channels. Thus, it is likely that synaptic SK2-containing channels are heteromeric assemblies of SK2-L and SK2-S subunits and that at least one SK2-L subunit is required for synaptic expression. Whether SK2-L is sufficient for synaptic expression and function awaits experiments in mice that express only SK2-L. The SK1 and SK3 mRNAs are also expressed in CA1 pyramidal neurons 25 and SK3 co-immunoprecipitates with SK2-L from brain 19 . The SK3 N-terminal domain is similar in length to SK2-L and contains several regions of homology. The functions of SK1 and SK3 in CA1 pyramidal neurons remain unknown. However, the lack of apamin sensitivity to EPSPs in SK2-S only CA1 pyramidal neurons suggests that SK2-L is necessary for synaptic function and that SK3 cannot substitute for SK2-L.
Recordings from CA1 pyramidal neurons revealed that, in the absence of SK2-L, synaptic SK channel activity was absent, but was re-instated by re-expression of SK2-L. However, SK2-L re-expression did not increase the amplitude of apamin-sensitive tail currents in SK2-S only CA1 pyramidal neurons, suggesting that SK2-L may not increase surface expression per se, but may direct selective synaptic localization. Furthermore, in response to TBS, apamin increased LTP in brain slices from wild-type mice, but not SK2-S only mice, suggesting that blocking synaptic SK channel activity with apamin is responsible for the increased LTP. Notably, the amount of LTP induced in slices from SK2-S only mice was not significantly different from the LTP induced in wild-type slices in the absence of apamin (P = 0.3). This may reflect the overexpression of nonsynaptic SK2-S or compensatory changes in the SK2-S only mice.
Synaptic localization of SK2-containing channels is important for normal synaptic responses 12 . In contrast with glutamate receptors, SK2 a r t I C l e S does not contain a postsynaptic density protein, Drosophila disc large tumor suppressor or zonula occludens-1 protein (PDZ) ligand and must therefore employ a distinct molecular strategy for synaptic localization. Recent results have shown that a Ca 2+ -calmodulin kinase II phosphorylation site in the first intracellular loop of the GluA1 subunit is critical for receptor targeting to synapses, but not for delivery of GluA1-containing AMPARs to the plasma membrane 26 . This PDZ-independent effect on trafficking of GluA1-containing AMPARs selectively to the synaptic membrane is similar to the synaptic localization endowed by the SK2-L subunit. Previous studies have shown that SK channel activity affects learning and memory [14] [15] [16] . In the nonspatial object recognition task, the SK2-S only mice phenocopied wild-type mice treated with apamin, showing improved memory encoding. This indicates that SK2-L expression was required for normal performance in the object recognition task and suggests that apamin and SK2-L deficiency both mediate their effects on object recognition through the loss of synaptic SK2-containing channel function. In contrast, SK2-S only mice were impaired in the spatial-learning Morris water-maze task, whereas apamin administration facilitated this task 14 . This might reflect compensatory alterations that are not observed with acute channel block by apamin. The Morris water-maze task requires several trials presented over several days and it is possible that experience-dependent endocytosis and subsequent repopulation of synaptic SK2-containing channels are necessary for normal acquisition of the Morris water-maze task. Notably, transgenic SK2 overexpression also results in impaired performance in the Morris water-maze task 15 , and in both of these transgenic models, there are increased apamin-sensitive tail currents that might, in part, reflect dendritic SK2-containing channel activity. These channels may alter synaptic integration and could contribute to the deficits in water-maze performance. Taken together, the anatomical, electrophysiological and behavioral results from both tasks indicate that SK2-L expression is essential for normal synaptic responses, plasticity and learning.
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Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
